Background: Phosphatase and tensin homolog (PTEN) is a potent tumor suppressor gene that also plays a vital role in regulating fatty acid metabolism. Here we attempted to elucidate the role of PTEN in the regulation of fatty acid oxidation and the assembly and secretion of very low density lipoprotein (VLDL) in dairy cow liver. Methods: We transfected primary culture calf hepatocytes with adenovirus-mediated PTEN overexpression vector (AD-GFP-PTEN).PTENoverexpressing hepatocytes and control hepatocytes were obtained. Results: Compared with controls, overexpression of PTEN significantly up-regulated CPT I, ACSL, HADH expression (p<0.05), which are all involved in fatty acid oxidation. At the same time, the expression of ApoB100 (p<0.01), ApoE (p<0.05) and MTP (p<0.01) increased. Therefore, the assembly and secretion of VLDL was enhanced (p<0.05). The expression of LDLR was slightly up-regulated, but there was no significant difference (p>0.05). To demonstrate that fatty acid metabolism was changed, we measured the concentrations of TG and VLDL. The concentration of TG was significantly decreased in hepatocytes (p<0.01), while the concentration of VLDL was significantly increased in the medium (P<0.05). Conclusions: Overexpressing PTEN enhanced fatty acid oxidation and assembly and secretion of VLDL. PTEN gene therapy could have therapeutic potential for fatty liver diseases of dairy cattle.
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Introduction
Fatty liver of dairy cattle is a common metabolic disorder in the perinatal period. It has become the most significant dairy cattle disease in the world [1, 2] . The most important factor in the induction of hepatic lipidosis is negative energy balance (NEB) [3] . The clinical feature of fatty liver is the excessive deposition of fat in the liver. In recent research, when dairy cattle were fed high-energy food in the perinatal period, the blood plasma concentration of nonesterified fatty acids (NEFA) rapidly became higher after parturition, and the liver TG content increased. But also ruminants have little ability to secrete VLDL from the liver, making them susceptible to fatty liver disease [4, 5] . Accumulation of TG in the liver occurs, and fatty liver is consequently induced [6] [7] [8] . Ketone bodies increased in blood plasma, causing ketosis. Capability of fatty acid oxidation and assembly, and the secretion of VLDL, are the most important factors causing fatty liver disease in dairy cattle. In our previous study, we showed that the expression of CPT I, ApoB100, HADH mRNA, oxaloacetic acid (OAA) and the density of VLDL decreased in the liver tissue and serum of periparturient dairy cattle [9, 10] , as reported by U. Bernabucci [11] . We observed that the capability of fatty acid oxidation was degraded and the assembly and secretion of VLDL were deficient in cattle with fatty liver disease; therefore, they are important factors contributing to fatty liver disease in dairy cattle.
PTEN, a tumor suppressor gene [12, 13] , has been shown to play a vital role in different signal transduction pathways by inhibiting the proliferation and migration of tumor cells [14] , inducing apoptosis of tumor cells and retaining the normal physiological functions of cells [15, 16] . Most studies on PTEN mechanisms have focused on tumor suppression. However, recently many researchers have discovered that PTEN also plays important roles in the development of fatty liver disease via lipid phosphatase, protein phosphatase and phosphatase-independent activities.
In a recent study, lipid metabolism was shown to be regulated by insulin in the liver, which is accomplished through cell surface receptors and regulatory factors such as phosphatidylinositoI3-kinase (PI3-kinase) and serine-threonine kinase. The insulin signal transduction pathway is activated by protein hydroxyphenylaminopropionic acid kinase or lipid phosphatidase. Insulin signaling in the liver leads to the accumulation of phosphatidylinositol-triphosphate (PIP 3 ) [17, 18] . Deletion of the PTEN gene can increase PIP 3 levels and lead to fatty liver development [19] . However, it is unknown whether the capability of fatty acid oxidation and assembly and secretion of VLDL are related to PTEN regulation. To understand the role of PTEN in regulating fatty acid oxidation and assembly and secretion of VLDL in dairy cow liver, we transfected a PTEN overexpression vector into dairy cow primary hepatocytes. Using these hepatocytes, we evaluated the effects and mechanisms of PTEN on the etiology of fatty liver disease of dairy cow. At least in part, PTEN could be a potential target for the gene treatment of cattle with fatty liver disease.
Materials and Methods
Adenovirus overexpression vector construction
Dairy cow PTEN full-length cDNA was generated by RT-PCR from the total RNA of cow liver tissue. The primers are listed in Table 1 . The purified PCR product was then directly subcloned into the multicloning site of the pMD-18T vector (TaKaRa, Otsu, Shiga, Japan). The gene was then digested by EcoR I and Hind III restriction enzymes and subcloned into the multicloning site of a pShuttle-GFP-CMV vector (Invitrogen, Carlsbad, US). The resulting plasmid, called pShuttle-GFP-PTEN, was then transferred to a pAdxsi vector (Invitrogen, Carlsbad, US), resulting in the pAdxsi-GFP-PTEN adenovirus plasmid. The pAdxsi-GFP-PTEN plasmid was transfected into 293 cells. After packaging, collecting and amplifying, the viral titer was 1.3×10
10 PFU/ml. The Ad-GFP-pPTEN was stored at -80°C for future experiments. 
Cellular Physiology and Biochemistry
Cell culture and transfection Experiments were performed in accordance with the Guiding principles in the use of animals, adopted by the Chinese Association for Laboratory Animal Sciences. The study plan was approved by the Ethics Committee on the Use and Care of Animals, Jilin University (Changchun, China).
The caudate lobe of the liver was obtained through surgery liver excision from a one-day-old calf from a dairy farm located in Jilin Province, China (Laboratory dairy farm Jilin Agricultural University ). The calf was nursed care, and recovered finally. Calf hepatocytes were isolated by a modified two-step collagenase perfusion method established by our laboratory [20] . The cells were maintained in culture in a humidified atmosphere of 5% CO 2 at 37°C. Hepatocytes obtained by modified two-step collagenase perfusion were intact and displayed good viability and active function. On the third day of primary culture, calf hepatocytes have optimal function. The cells were assigned to three groups: a control group (non-infected, n=6), a negative control group (infected with AD-GFP, n=6) and an AD-GFP-PTEN group (infected with AD-GFP-PTEN, n=6). Cells were covered by 2 ml of serum-free medium. The adenoviruses were added to the medium at MOIs of 25, 50, 100, 150 and 200. The expression of GFP and the appearance of hepatocytes were observed by confocal scanning microscopy. The expression ratio of GFP was detected by flow cytometry (FCM).
Quantitative real-time RT-PCR
Total RNA was extracted using the using TRIzol reagent according to manufacturer's instructions (Invitrogen Corp, Carlsbad, CA) from cells 48 hours after transfection and quantified by an ultraviolet spectrophotometer. Three micrograms of total RNA were reverse-transcribed into cDNA using the BioRT one-step RT-PCR kit (BioFlux, Hangzhou, China). Two microliters of cDNA were used for relative quantitative PCR amplification using the standard Sybr GreenI PCR protocol provided by the manufacturer on an ABI PRISM 7000 quantitative real-time PCR instrument (Applied Biosystems, Foster City, CA). To evaluate the effect of PTEN in fatty acid synthesis, oxidation and assembly and the secretion of VLDL, PTEN, HADH, ACSL, LDLR, MTP, APOB, APOE and CPT I gene expression levels (primers are listed in Table 1) were measured in at least three independent experiments and normalized to the expression level of β-actin. Real-time PCR was conducted under the following conditions: initial denaturation at 94°C for 2 min, 35 cycles of amplification (denaturation at 94°C for 10 s, annealing at 60°C for 15 s, and extension at 72°C for 30 s), and extension at 72°C for 5 min. Western blot analysis Forty-eight hours after transfection, cells were lysed in lysis buffer (50 mmol/l Tris-HCl pH 8.0; 0.150 mmol/l NaCl; 1% Triton X-100; 100 µg/ml PMSF), and the protein concentration was measured using the BCA protein assay kit (Pierce, Rockford, US). PTEN, HADH, ACSL, LDLR, MTP, APOB, APOE and CPT I proteins were detected in hepatocytes. For western blot analysis, 30 µg protein samples were boiled in 5× sample buffer for 5 min and then resolved by 10% SDS-PAGE. Proteins were then transferred from gels to nitrocellulose membranes. After blocking, membranes were probed using first and then second antibodies (Santa Cruz Biotechnology, Santa Cruz, CA), and the resulting bands were detected by a DAB kit (Bioer, Hangzhou, China).
Detection of TG and VLDL
Forty-eight hours after transfection, cells and culture medium were collected. The quantity of TG in the cells was detected by the Triglyceride Detection Kit (Jiancheng, Nanjing, China). The VLDL in the culture medium was detected by the VLDL Detection Kit (Hailanji, Shanghai, China).
Statistics
All results are expressed as the means ± standard error (SEM). Statistical analysis was carried out using the statistical analysis program SPSS 18.0 (SSPSinc.,Chicago,IL,USA). p<0.05 was considered to be significant.
Results
AD-GFP transfection of hepatocytes and establishment of the best MOI
Hepatocytes were transfected with AD-GFP at different MOIs (25, 50, 100, 150 and 200). After 48 hours, the positive rate of expression of AD-GFP was detected by FCM. When the MOI exceeded 100, the positive rate of expression of AD-GFP became stable. The expression of GFP in control and AD-GFP-PTEN groups was observed using confocal scanning microscopy ( Fig. 1 A, B) . The positive rate of expression was approximately 75 percent by FCM (Fig. 1 C) . MOI=100 was determined to be optimal according to apoptosis rates.
Overexpression of PTEN in hepatocytes
The PTEN gene was significantly overexpressed in hepatocytes transfected with AD-GPF-PTEN (p<0.01). However, PTEN expression in the control group and the negative control group was not significantly increased. These results were further confirmed by quantitative real-time RT-PCR (Fig. 2 A) and western blotting (Fig. 2 I) . 
Cellular Physiology and Biochemistry
Effect of fatty acid oxidation in hepatocytes by PTEN overexpression CPT I, HADH and ACSL are the enzymes correlated with fatty acid oxidation. The expression of CPT I, HADH and ACSL mRNA and protein was increased in the AD-GFP-PTEN group compared to the control and negative control groups by overexpressing PTEN (p<0.05) (Fig. 2 C, E, H, I ). The expression of these enzymes in the control group and the negative control group was not significant (p>0.05). These results indicated that the expression of key enzymes was up-regulated after overexpressing PTEN, consequently enhancing fatty acid oxidation.
Effect on assembly and secretion of VLDL in hepatocytes by PTEN overexpression
To investigate whether PTEN overexpression can change the assembly and secretion of VLDL in hepatocytes, the mRNA and protein levels of APOB, APOE, MTP and LDLR were detected. The expression of APOB (p < 0.01) and APOE (p < 0.05) in the AD-GFP-PTEN group was higher than in the control and negative control groups in several samples (Fig. 2 B, F,  I ), and the difference was statistically significant. Compared with the control and negative control groups, the expression of MTP in the PTEN overexpression group was increased (p<0.01) (Fig. 2 D, I ). The expression of LDLR mRNA and protein was slightly up-regulated (Fig. 2 G, I ), but not significantly different (p>0.05). The expression levels of three proteins (APOB, APOE, MTP)were not individually significantly different between the control group and the negative control group (p>0.05). These results suggested that overexpressing PTEN could enhance the mRNA and protein expression of genes related to the assembly and secretion of VLDL.
Changes of TG and VLDL
To verify the effect of fatty acid metabolism regulated by overexpressing PTEN, the concentrations of TG and VLDL were detected in cells and culture medium, respectively. The concentration of VLDL in the AD-GFP-PTEN group was significantly higher in culture medium (p<0.05), and TG concentration in the AD-GFP-PTEN group was lower in cells than the other groups (p<0.01) ( Table 2) .
Discussion
This in vitro study using PTEN-transfected primary hepatocytes showed that PTEN increased the expression of mRNA and protein from key genes related to fatty acid oxidation. We also show that overexpressing PTEN can enhance the expression of mRNA and protein from key genes related to the assembly and secretion of VLDL. We present several lines of evidence supporting the hypothesis that PTEN can enhance fat metabolism and decrease the incidence rate of fatty liver.
Recent studies have reported that PTEN could affect fat metabolism in PTEN knockout mice. In ten-week-old PTEN knockout mice, the liver enlarges and thins. At forty weeks, the liver enlarges further and whitens, with some lobes displaying serious fatty degeneration. TG content and cholesterol levels in the liver are also significantly increased in these mice. While Bechmann L reported that expression of PTEN was increased correlating with CD36 in humans non-alcoholic steatohepatitis [21] . The occur mechanism of fatty liver was regulated through defferent paths. It has rarely been reported that PTEN affects the fat metabolism in the ruminant liver, in which lipoprotein lipase and hepatic lipase are deficient. Clearing TG is difficult through oxidation and hydrolysis; VLDL is the main TG clearance pathway [22] . Therefore, the assembly and transport of VLDL is the main factor influencing fatty liver of dairy cattle during the perinatal period. ApoB100, ApoE, MTP and soluble LDLR were proteins regulating fat transport in the liver [23, 24] . APOB100 is the main constitutive protein and apolipoprotein of VLDL [11] . The activity and gene expression states of APOB100 and APOE can control the assembly and secretion rate of VLDL [25] . MTP participates in the pimelosis of APOB100 and the assembly of VLDL [26] [27] [28] . However, LDLR can inhibit secretion of APOB100. In this study, the expression levels of APOB100, APOE and MTP were up-regulated when PTEN was overexpressed. We also showed that the concentration of TG in cells decreased, the concentration of VLDL in culture medium increased in the AD-GFP-PTEN group. This result indicates that PTEN can enhance the assembly and secretion of VLDL by regulating the expression of these key proteins, thereby decreasing the deposition of TG. As reported by Taghibiglou C, stability of nascent apoB and enhanced expression of MTP increased the production of hepatic VLDL-apoB in fructose-fed hamsters [29] . Recent evidence also suggests a role for LDLR in the assembly and secretion of VLDL. LDLR prevents secretion of dense apoB100-containing lipoproteins [28] . In our results, the expression of LDLR mRNA was not significantly up-regulated, indicating that PTEN did not regulate the assembly and secretion of VLDL through the LDLR pathway.
CPT I plays a key role during the fatty acid oxidation process in mitochondria [30] . It is not only the rate-limiting enzyme in the first oxidation reaction [31] , but CPT I can also regulate the entire fatty acid β-oxidation. CPT I catalyzes the transfer of acyl-CoA from a long-chain acyl-CoA ester to carnitine, forming acylcarnitine, which is then able to enter the mitochondria for β-oxidation [32] . ACSL is situated in the outer mitochondrial membrane. NEFA is sensitized to acyl-COA in the cytoplasm. Acyl-COA is transported into the mitochondria and becomes the substrate of β-oxidization or TG synthesis through FAS (fatty acid synthetase).
In this study, the expression levels of CPT I, HAD and ACSL were elevated in the AD-GFP-PTEN group compared to the control and negative control groups during PTEN overexpression. After the expression of ACSL was elevated, the amount of sensitized NEFA increased. The amount of Acyl-CoA (the substrate of β-oxidization) entering into mitochondria was increased through the higher expression of CPT I, possibly enhancing β-oxidization. These results confirmed that PTEN could enhance β-oxidization through the regulation of key genes related to fat metabolism in the cow liver.
In summary, PTEN could enhance fatty acid oxidation and the assembly and secretion of VLDL. These results suggest that PTEN shows significant effects on the expression of key enzymes of dairy cow fatty acid metabolism, thereby reducing the deposition of fatty acid in the liver. PTEN gene therapy may be a new therapeutic strategy for fatty liver diseases of dairy cattle.
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